Electro-pneumatic valve actuators are used to eliminate the cam shaft of a traditional internal combustion engine. They are used to control the opening timing, duration, and lift of both intake and exhaust valves. A physics based nonlinear mathematical model called the level one model was built using Newton's law, mass conservation and thermodynamic principles. A control oriented model, the level two model, was created by partially linearizing the level one model for model reference parameter identification. This model reduces computational throughput and enables real-time implementation. A model reference adaptive control system was used to identify the nonlinear parameters that were needed for generating a feedforward control signal. The closed-loop valve lift tracking, valve opening and closing timing control strategies were proposed. The closedloop lift control algorithm was developed and implemented in a prototype controller, and validated on a valve test bench with multiple reference valve lift set points at both 1200rpm and 5000rpm engine speeds. The experiment results showed that the actual valve lift reached the reference lift within 0.5mm of lift error in one cycle at 1200rpm and in two cycles at 5000rpm. The maximum steady state lift errors are less than 0.4mm at high valve lift and less than 1.3mm at low valve lift. Furthermore, the closed-loop valve lift control improved valve lift repeatability with more than 30% reduction of standard deviation over the open-loop control.
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INTRODUCTION
The implementation of variable intake and/or exhaust valve timing and lift (VVT and VVL) in an Internal Combustion (IC) engine can significantly improve the fuel economy, emissions, and power output. A significant amount of research has been conducted to demonstrate the advantage of Variable Valve Actuation (VVA) over the traditional cam-based valve-train of both gasoline and diesel engines. The investigation of intake valve timing control of a Spark Ignited (SI) engine was conducted in [1] . It was found that at low and partial load conditions, engine pumping loss was reduced between 20% and 80% due to throttless operation. Fuel consumption was improved up to 10% at idle. Through simulation and experiments, reference [2] shows that SI engine efficiency can be improved up to 29% due to Variable Valve Timing (VVT), compared to a classic (throttled) engine. The engine torque output is also improved by up to 8% at low speed with wide open throttle. Research carried out in [3] demonstrates how VVT and VVL (Variable Valve Lift) affect the partial load fuel economy of a light-duty diesel engine. In this case, the indicated and brake-specific fuel consumptions were improved up to 6% and 19% respectively. The operation of an Otto-Atkinson cycle engine by late intake valve closing to have a larger expansion ratio than compression ratio was studied in [4] . A significant improvement of CO and NOx was obtained.
Reference [5] also shows that the operational range of a Homogeneously Charged Compression Ignition (HCCI) engine can be expanded to both high and low load ranges through the adoption of VVT and VVL. The advantages of VVT and VVL engines lead to the development of their optimization over engine operational range. For example, reference [6] developed the VVT and VVL optimization methodology for an I4 2.0L camless ZETEC engine at various operational conditions including cold starts, cylinder deactivation, full load, idle and transient operations.
VVA or VVT and VVL can be achieved with mechanical (cam-based), electro-magnetic (electric mechanical), electrohydraulic, and electro-pneumatic valvetrain mechanisms. The cam based variable valve actuation is able to provide either a multiple stepping or a continuously changing valve timing phase shift. The Honda mechanism [7] is a multiple-step actuator that allows switching between two cams. The Toyota system [8] allows the intake and exhaust cams to shift continuously without the flexibility of varying the valve lift and duration. BMW's valvetronic system [9] combines variable cam phasing with a continuously variable valve lift and duration actuation.
Infinitely variable valvetrain, often referred to camless valvetrain, includes electro-magnetic, electro-hydraulic, and electropneumatic actuation. The electro-magnetic systems, such as GM Magnavalve [10] , FEV [11] , Aura [12] and Visteon [13] systems, are capable of generating variable valve timing and duration but with fixed lift operation. The electro-hydraulic systems, such as the Sturman system [14] , Ford and GM "camless" systems ( [15] and [16] ), provide infinitely variable valve timing, duration, and lift. The electro-pneumatic valve actuator (EPVA) [17] utilizes the supplied air pressure to actuate either the intake or exhaust valve by electronically controlling two solenoids. For both electro-hydraulic and electro-pneumatic valves, there is a potential issue of having a repeatable valve lift over the engine operational range and the life of an engine.
Valve lift control for electro-hydraulic valvetrain actuation has been investigated by number of researchers. Adaptive peak lift control was presented in [18] , a digital valve technology was applied to control an hydraulic valve actuator in [19] , and a sliding mode control method was utilized to vary valve timing in [20] . This paper proposed an adaptive valve lift and timing control schemes for an electro-pneumatic valve actuator (EPVA) to improve its transient and steady state responses. A control oriented electro-pneumatic valve model was developed to be used for adaptive parameter identification; and a PI (Proportional and Integral) closed-loop control strategy of valve lift and timing tracking was developed utilizing the identified parameters for feedforward control. The algorithm was implemented in a prototype controller and validated on a valve test bench using a 5.4 liter 3-valve V8 engine head modified for the EPVA valves. The detailed model reference adaptation technique used in the control system can be found in [21] .
The paper is organized as follows. First, a physics based nonlinear model is introduced. A control oriented model is described in the Modeling section. Next, the adaptive parameter identification and the closed-loop valve lift and timing control strategies are discussed in the Control Strategy section. Third, the experimental responses of the open-loop valve operation at both low and high engine speeds are presented with their statistical analysis in the Experimental Implementation section. Then, the experimental results of the closed-loop valve lift control algorithm are shown and discussed at both low and high engine speed in the Closed-loop Valve Lift Control Experimental Responses section. Finally, conclusions are drawn.
MODELING
Two valve actuator models were developed prior to the controller design. First, a physics based mathematical model, called a level one model, was built component by component, where the air flow and oil fluid dynamics were considered. This is a sophisticated nonlinear valve model which requires heavy computational throughput and would be almost impossible to be implemented in a real time controller. But it provides a profound understanding of the pneumatic-mechanical system. This leads to the development of a control oriented second model, called a level two model. This control oriented model was utilized in real time implementation. SYSTEM DYNAMICS Figure (1) is a schematic diagram of the valve actuator dynamics. EPVA consists of an actuator piston, a hydraulic latch (damper), inlet and outlet port valves, two solenoids and two spool valves. The actuator piston is driven by compressed air. It sits on the back of the valve stem, hence, its motion is equivalent to the valve motion. The system dynamics illustrated here focuses on the interrelation between the solenoid control commands and the actuator piston motion. As shown in Figure ( Solenoid 2 is then activated with a time lag δ 1 to stop air charging the cylinder, and at the same time, the controlled check valve S2 changed its state from a bypass valve to a check valve due to the activation of solenoid 2. Note that the interplay between two solenoids indeed results in a pulse force input from the supply air to the actuator system. The high pressure air enclosed in the cylinder expands until it balances with the valve spring force. During this period, the valve continues to open and reaches its reference valve lift. At the end of this period, the valve is held open and the system enters the dwell stage. The mechanism that holds the valve open is the hydraulic latch S1. It is a one-way check valve when solenoid 1 is active and a bypass valve when solenoid 1 is inactive. This means that in both opening and dwelling stages, the oil can flow from the reservoir into the passage above the piston stem but it can not flow back out. Thus, the pressurized oil applies to the back of the piston stem and holds the valve open at its reference lift. At the end of the dwell stage, solenoid 1 is deactivated to discharge the piston pressure. The hydraulic latch is switched from a onedirectional check valve to a bypass one. It allows the oil to travel in and out of the passage. This begins close stage where the valve is returned by the spring force. The close stage can be divided into two sub-stages: during the first substage, the valve returns due to the valve spring force and creates a free vibration response with nonzero initial displacement; and in the second substage, the hydraulic damper is activated. It generates a hydraulic force against the piston return, and that consequently reduces the valve velocity while it approaches the seat. However, there are time delays between the activation of solenoids and the physical movement of the valve actuator. The diagnostic of system delays and the effects of the system delays on the control commands are described in the level two model response sections. When the engine speeds up to a certain point, the solenoid period becomes so small that solenoid 1 deactivates before the valve reaches the equilibrium open position. The cylinder is discharged before the hydraulic latch has a chance to be engaged. LEVEL ONE MODEL The purpose of this section is to depict the technique used to derive the governing equations of the level one model. The complete formulation process and the validation of this level one model can be found in [17] . Control volumes are drawn and the mass conservation and thermodynamic principles are used to model the flow and fluid behavior in the individual components of the pneumatic/hydraulic valve actuator, which consists of the actuator piston, the hydraulic latch/damper, the inlet and outlet port valves, two solenoids and two spool valves (see Figure (1) ). Although the hydraulic latch/damper mechanism is one component, it is essentially a hydraulic latch in dwell stage to hold the valve open and a hydraulic damper to slow down the valve seating velocity at the end of close stage. These two functionalities have to be modeled differently. The fluid in the hydraulic latch is modeled as an incompressible flow at the open and close stage but a compressible flow with low compressibility at the dwell stage due to a high pressure during this stage. This captures the swing on the top of the valve lift profile (see Figure (2) ). At the end of the close stage, the hydraulic damper kicks in as the valve approaches the seat where the fluid is treated as an incompressible flow. The air is modeled as a compressible flow in all stages. Newton's law is used to model the physical motion of every moving part involved in the individual components.
The modeling of the actuator piston cylinder is highlighted here to illustrate the points. The rest of the component were modeled in a similar manner. A control volume is drawn on the top of the piston in Figure (2) ). The following variables: the rate change of the gas pressure inside of the cylinder chamberṖ p , the rate change of density of the gasρ p and the acceleration of the actuator pistonÿ need to be determined. Equations (1), (2) and (3) are written based on the first law of thermodynamics, principle of mass conservation and Newton's law. After evaluating every element in the three fundamental equations with the only unknowns as P p , ρ p , y and their derivatives, Equations (4), (5) and (6) are obtained. A sudden reduction in pressure occurs at the inlet port when it opens. This causes the air flow to expand in an explosive fashion. The flow is choked and the pressure at the port stays constant. The difference between the cylinder pressure and the supply pressure decreases as the pressure in the cylinder chamber builds up over time. The air then becomes unchoked and flows through the inlet with decreasing pressure. The flow exiting the outlet switches between a choked and unchoked pattern as well for the same reason. This discontinuous nonlinearity of the flow are taken into consideration when the mass flow rate termsṁ i andṁ e in Equation (4) are evaluated. As shown in Figure ( the actuator piston in the cylinder chamber including the inlet and outlet, the first law of thermodynamics can be written as:
where,
-Q is the heat transfer rate into the control volume -Ẇ is the work rate delivered by the control volume to the actuator piston -ṁ i is the mass flow rate entering the control volume -ṁ e is the mass flow rate exiting the control volume -ḣ i is the enthalpy of the gas entering the cylinder chamber -ḣ e is the enthalpy of the gas exiting the cylinder chamber -∂E ∂t is the rate of change of the total energy of the control volume.ṁ
where, -M is the sum of the actuator piston mass, the intake valve mass, one-third valve spring mass (or effective spring mass, see [22] ), and the valve top cap mass.
-A cap is the area of the cap on the top of the actuator piston stem
oil with r p as the radius of the actuator piston and r oil as the radius of the oil passage -C f is the damping coefficient approximating the energy dissipation due to the friction -K p is the stiffness of the valve spring -δ p is the preload of the valve sprinġ
where, C din and C dout are the flow discharge coefficients at the inlet and outlet; k =
Cp
Cv is the specific heat ratio, C v is the specific heat of air at constant volume. α p is chosen to be between 0 to 1 depending on the actual heat loss during the process.ρ
Rearranging Equation (3): Governing Equations Used in the Control System The detailed derivation and validation of the level two model can be found in [23] . Only the governing equations at the open and close stages are summarized in Equation (7) and (9) since they are going to be used for model reference adaptive closed-loop control.
Open stage
where P p = P oil ≈ P supply , C f1 is the damping ratio approximating energy dissipation due to flow loss and frictional loss, δ 1 is the lag between the activation of solenoid 2 and solenoid 1 without system delays as illustrated in Figure ( 2), and δ 2 is the time needed for valve to return to the seat.
Close stage
Dynamics in the close stage was divided into two sub-stages (sub-stages III-1 and III-2) as illustrated in Figure ( 2). Substage III-1 can again be separated into two segments. The first segment is from point 3, where the piston starts returning, to point 4; and the second segment is from point 4 to point 5 where the hydraulic damper becomes effective. In the first segment, piston motion is a free return, however, in the second segment, the piston returns against certain pressure generated by compressed residual air. For simplicity, both segments were modeled as free returns. In substage III-2, the piston returns against largely increased hydraulic damping force that acts on the piston stem. The governing equations at this stage are in Equations (8) and (9) . Equation (8) describes the response from point 3 to 5 (see Figure ( 2)).
where y(0) = y max , andẏ = 0. The response beyond point 5 in hydraulic damping region follows the response of Equation (9).
where P oil is a constant in substage III-1. But it is a function of flow out area in the hydraulic damper in substage III-2. For detailed derivation of P oil , see [17] .
Level Two Model Response Figure (4) compares the simulation response of the level two model with its experimental response. The thin valve response is the experimental response; and the thick one is the simulated response. Damping ratio C f1 at open stage and damping ratio C f2 at close stage vary significantly and nonlinearly with respect to the temperature, fluid viscosity, and engine operational conditions. The adaptive identification of these two parameters can compensate the variation. The two curves close to the time axis are the measured solenoid currents, where the solid line is the dwell current of solenoid 1 and the dash line is that of solenoid 2. These solenoid current feedbacks are used to detect the delays from the activation of solenoids to the start of valve mechanical motions. As shown in Figure ( 4), total delays of each solenoid rises in two steps. Taking solenoid 1 current as an example, the first rise is from the starting point to the first peak which represents the electrical delay; and the second rise is from the first peak to the second peak which represents the magnetic delay. The total delay associated with solenoid 1 and solenoid 2 are defined as Δt 1 and Δt 2 respectively. Algorithms were developed to identify Δt 1 and Δt 2 at each cycle to be used for not only adjusting the opening and closing timing but also modifying δ 1 as a part of the valve lift control. The effect of the system delay, δ 1 , and implementation of it in the control system are illustrated in the Control Strategy section. (5), where the holding period exists. As engine speed increases, the holding period reduces. At certain engine speed, the holding period disappears, and the valve lift profile consists of only the open and close stages. In this case, solenoid 1 is deactivated shortly after its activation. It discharges the cylinder and allows the valve to return before the hydraulic latch can be engaged. In these two cases, both solenoids 1 and 2 are needed to control the valve event and the air supply pressure remains unchanged throughout the process. There is another special case in which only solenoid 1 is used. The cylinder is simply charged with supply air when solenoid 1 is energized and discharged when solenoid 1 is de-energized. This occurs when the engine speed is so high that the activation duration of solenoid 1 becomes very small. The valve lift control needs to be accomplished through regulating air supply pressure. This special case is not the subject of discussion in this paper. As displayed in Figure ( control pulses for solenoids 1 and 2 are generated based upon crank synchronized Def A and Def B pulses from the engine control microprocessor. The rising and falling edges of Def A and Def B pulses occur at the reference crank angle degrees. When the controller needs to utilize both solenoids 1 and 2, the Def B pulse is active over the Def A window, and when only solenoid 1 is used, the Def B is not active. Def A and Def B pulses carry the control information and they are converted to two solenoid pulses that actually control the valve actuator by the valve control microprocessor. The two time based solenoid pulses are synchronized with the crank angle after the transformation. Since the crank angle synchronized calculations and the time based algorithms are performed in separate CPU's, the convention of this transformation is defined as follows. The first rising and falling edges of Def A correspond to the activation of solenoids 1 and 2 respectively; and the second rising and falling edges of Def A correspond to the deactivation of solenoids 1 and 2. The first pulse width of Def A is denoted asδ 1 and the second pulse width of Def A is denoted as δ 2 .δ 1 is the time delay between the activation of two solenoids. The second falling edge of Def A, which is also the falling edge of solenoid 2 pulse, is defined to be the reference valve closing timing. δ 2 represents the time needed for the valve to return after the deactivation of solenoid 1 (at valve return point). Activation of solenoids 1 and 2 begins their impact on the system after time delays Δt 1 and Δt 2 . The air pressure in the piston cylinder increases and forms a pulse force input to the system with a pulse width of δ 1 . Therefore,δ 1 associates with δ 1 through the expressionδ 1 = δ 1 + (Δt 1 − Δt 2 ), given the fact that Δt 1 is always greater than Δt 2 . The reference valve opening, closing timing and reference valve lift are given by engine operational conditions. The timing of the first rising edge of Def A, the return time δ 2 and the lag between the activation of two solenoids, δ 1 , are the controlled variables. The fist rising edge of Def A is modified based on Δt 1 .δ 1 and δ 2 are modified based on the identified parameter C f1 and C f2 . The control variable conventions for the other cases are similar to this case and are not repeated.
ADAPTIVE PARAMETER IDENTIFICATION The architecture of the model reference adaptive system (MRAS) for parameter identification is illustrated in Figure ( is the level two model and G p (S) is the physical plant (EPVA). This adaptive estimator is applied to identify the damping ratios C f1 and C f2 , where C f1 is for the open stage and C f2 is for the close stage. The error e between model and plant outputs reduces as the estimated parameters converge. The excitation force u is a pulse input with PE of order infinity that meets the persistent excitation condition. The MIT rule uses the error between the model and plant outputs to generate an estimated C f1 (or C f2 ), where C f1 (or C f2 ) is updated at every time step. The adaption laws at open and close stages were established and the parameter convergence were verified using bench data in [23] . Both equations are summarized below:
where γ 1 > 0 is the selected adaptive gain and C fm1 is the model damping ratio (or estimated C f1 ). The adaptive algorithm utilizes the sampled data between point 1 and the first peak over the valve response shown in Figure ( 2).
where γ 2 > 0 is the selected adaptive gain and C fm2 is the model damping ratio (or estimated C f2 ). The adaptive algorithm uses the sampled data between points 3 and 4 shown in Figure ( 2) due to free return characteristics of the valve response.
CLOSED-LOOP VALVE LIFT AND TIMING CONTROL
The closed-loop valve closing timing and lift control schemes are created based upon the identified damping ratios C f1 and C f2 . The closed-loop valve opening timing control is a function of the detected solenoid 1 delay, Δt 1 . The purpose of control is to make the system opening timing y track the reference input y ref .δ 1o and δ 2o are the nominal values ofδ 1 and δ 2 . They are computed from the estimated C f1 and C f2 .
Two first order systems are employed to approximate the second order systems for both open and close stages in the region of interest since the system damping ratios are between over-damped and slightly under-damped cases based upon the identified values. Hence, the analytical solutions ofδ 1o (C f1 ) and δ 2o (C f2 ) are developed based on the first order system. The formulas of computingδ 1o in terms of C f1 are provided by Equations (10), (11) and (12) 
where
by Equation (7). The formula of solving δ 2o in terms of C f2 is provided in Equation (13).
In Equations (11) and (13), σ is derived accordingly for three cases as follows:
Closed-loop lift control The architecture of the closed-loop valve lift control is depicted in Figure (7 The open-loop parameter identification scheme includes the plant, the model plant, and a driving circuit. The inputs of the driving circuit are the solenoid command pulses from the prototype controller's D/A. The outputs of it are the amplified solenoid commands and the solenoid current feedbacks. Moreover, the parameter identification scheme comprises an algorithm that creates a C f1 identification zone where the adaptive algorithm is active and the displacement error is detected to be used by the adaptation law. The open-loop scheme also contains the model reference adaptive system involving the MIT rule with a high adaptation gain γ 1 . The direct force input to the model plant is computed from the solenoid pulses by a subroutine. It guarantees that the model plant output starts at the same point as the plant output. These subroutines complete C f1 identification. Meanwhile, the Def A and Def B pulses are generated by a pre-determinedδ 1i . They are converted to two solenoid pulses amplified by the driving circuit for the EPVA actuators.
In addition to the subroutines used in the open-loop parameter identification period, additional algorithms were developed for the closed-loop valve lift tracking control. There are algorithms that compute the feedforward nominal control input (δ 1o ), detect system delay Δt 1 and Δt 2 and compute critical points including maximum valve lift, valve opening and closing locations, peak displacement, and so on. In this block, the model reference adaptive system (MRAS) uses a low adaptation gain γ 1 to maintain parameter convergence due to a sudden change of the valve displacement in a transient operational condition. The feedforward nominal control inputδ 1o calculated from C f1 needs to be sufficiently accurate to minimize the transient response time and the tracking error. The actual valve lift is a feedback signal to the system and it is subtracted from the reference valve lift to form the lift error. This error is the input of a proportional and integral (PI) controller with K p as a proportional gain and K i as an integral gain. The PI controller is updated every engine cycle. The output of the PI controller is then added onto the feedforward nominal inputδ 1o to generatê δ 1 as a controlled input to the system. The integral action is used to achieve the zero steady state tracking error. The Def A pulse is generated based onδ 1 . The Def A and Def B pulses are converted into solenoid commands. They are amplified by the solenoid driving circuit for the valve actuators.
As discussed in the Control System Hardware Configuration section, there are two CPU's in the prototype controller. CPU#1 operates at a relatively slower rate (1 ms) than CPU#2, but its outputs can be synchronized with the engine crank angle. CPU#2 is dedicated to valve operation at a sample rate of 40 microseconds since the valve control algorithms require fast sample rate. The CPU#2 also takes care of the conversion from the Def A and Def B pulses to the solenoid pulses. The PI controller is operated per engine combustion event. It is implemented in CPU#1 to reduce the computational throughput of CPU#2. Def A and Def B pulses are generated in CPU#1 since they are crank synchronized. The feedforward control δ 2o is computed from the identified C f2 , and the system control output δ 2 consists of the feedforward control and the PI control output. Information from δ 2 is then used to generate Def A pulse. The Def A and Def B pulses are sampled by CPU#2 and converted to solenoid control commands that are sent to the valve driving circuit. Again, the PI control algorithm and the formation of Def A and Def B pulses are implemented in CPU#1, and the rest of the algorithms are implemented in CPU#2. The closed-loop timing control scheme allows the actuator to track the reference closing timing. CPU #1 is used for engine controls and CPU #2 is dedicated to the valve actuator (EPVA) control. An IEEE 1934 fire wire serial bus is used for communication between CPU #1 and CPU #2. CPU #1 is configured to be updated every 1ms and execute the engine control every combustion cycle. This means that this CPU updates input and updates analog outputs every 1ms, but calculates the engine control parameters every engine combustion event. The digital outputs of CPU #1 are synchronized with the engine crank angle with one-third crank degree resolution. The crank angle calculation is completed within the digital I/O card of CPU #1 utilizing digital inputs from cam sensor, gate and crank signals from an encoder. The CPU #1 digital outputs are spark pulse, fuel injection pulse, charge motion control, and intake and exhaust valve timing pulses, especially the valve control Def A and Def B pulses. The inputs of the 16 channel analog I/O board include ionization signal, pressure signal, throttle position, mass air flow rate, coolant temperature, manifold pressure and temperature, and air fuel ratio from universal exhaust gas oxygen (UEGO) sensor.
The valve control CPU #2 is configured to operate at 40μs sample rate, which is close to one crank angle degree at 4000rpm. The valve repeatability has a great impact on the adaptive estimation and steady state response. The operational conditions that were used in the openloop parameter identification in valve lift tracking tests were the same for both the low and high engine speeds. They were applied to collect these sample data. This means that the lag between the activation of solenoids 1 and 2 is set to be a constant valueδ 1i used in the open-loop period in the lift tracking tests. The solenoid pulse period and pulse width, the air supply pressure and the oil pressure were held constant in both types of experiments.
Low Engine Speed Open-loop Valve Bench Data Five bench tests were conducted using 80psi air supply pressure, 90psi oil pressure, 100ms solenoid period, which corresponds to the engine speed at 1200rpm, with 25% pulse duty cycle and a lag of 5ms between the activation of two solenoids. The valve lift was targeted to be 9mm and there was a holding period on the valve lift profile under this experiment configuration (see Table 1 ). Two hundred-cycle data was collected from each experiment. The purpose of running these tests is to analyze statistical characteristics of the valve responses. Their histograms were plotted and the mean and standard deviation of responses were calculated. Taking data group #3 as an example, Figure (12) shows the histogram of data group #3, where the top plot is the valve lift histogram which reflects the valve lift repeatability and the bottom one is the histogram of the valve lift integral during the valve opening which indicates the repeatability of the engine charged air. For the valve lift diagram, the horizontal axis is the valve lift ranging from 8.4mm to 9.8mm and the vertical axis is the number of occurrence for each valve lift; and for the bottom diagram, the horizontal axis is the integral area and the vertical axis is the number of occurrence. The mean μ and the standard deviation σ were calculated, and the mean of integral area of the valve lift was normalized to one. The 3σ value was used to indicate 95% occurrence. The statistical analysis results of five data groups were summarized in Table 1 . For the valve lift, group #5 has the largest valve lift mean at 9.55mmm and group #2 has the smallest mean at 8.83mmm. The largest 3σ valve lift, 0.86mm, is from data group #3. The smallest 3σ valve lift (0.44mm) was from data group #1. Regarding the analysis of the integral area of every cycle, the mean values were normalized to one, the 3σ values were calculated associated to normalized data and interpreted as percentage. Among the five data group, #3 has the largest 3σ value of 10.06%. Group #3 data provided the largest variation in both valve lift and the integral area. The corresponding histogram was displayed in Figure (12 ) and it will be compared with the closed-loop histogram of the largest variation operated with a 9mm reference lift to show the valve lift repeatability improvement at the same operational condition due to closed-loop control.
High Engine Speed Open-loop Valve Bench Data Similar to the low engine speed case, five bench tests were conducted using 80psi air supply pressure, 90psi oil pressure, 24ms solenoid period (which corresponds to the engine speed at 5000rpm) with a 25% pulse duty cycle and a lag of 5ms between the activation of two solenoids. There is no holding pattern displayed in the valve lift profile when the engine is operated at 5000rpm. In this case the valve returns before the hydraulic latch is engaged to hold the valve open (recall the discussion in the System Dynamics section). The desired valve lift was also set to be 9mm for this experiment (see Table 2 ). Two hundred-cycle data was collected for each experiment. The mean μ and the standard deviation σ were calculated. The mean of the valve lift integral was normalized to one as well. Again, the 3σ values were used to cover 95% sample data points. Table 2 summarizes the statistical analysis results of five data groups. For the valve lift, data group #1 has the largest mean valve lift at 9.14mm and group #5 has the smallest mean valve lift at 8.59mm. The largest 3σ valve lift was from data group #4 at 0.63mm which is less than the largest 3σ valve lift (0.86mm) at low engine speed (1200rpm). The smallest valve lift 3σ value of 0.17mm was found from data group #2. It is less than the largest valve lift 3σ value (0.44mm) from the 1200rpm tests. This indicates that the valve lift repeatability improves at high engine speed. For the integral area, data group #4 has the largest 3σ value of 11.7%. The group #4 test results show the largest variation in both valve lift and the integral area of the valve lift. Their histograms are shown in Figure (13) , where the top histogram is for the valve lift and the bottom one is for the integral area. For the top diagram, the horizontal axis is the valve lift ranging from 8.9mm to 9.5mm and the vertical axis is the number of occurrence of each valve lift. For the bottom diagram, the horizontal axis is the integral area and the vertical axis is the number of occurrence of integral area. This histogram will be used to compare the corresponding closed-loop test data later. Open-loop Low Valve Lift Bench Data The EPVA is capable of providing a valve lift as low as 3mm. This subsection studies statistical property at low valve lift to determine if the low valve lift operation mode is acceptable for engine control. Since the valve lift repeatability improves as engine speed increases (from the previous analysis), we are going to study the low valve lift operation only at low engine speed (1200rpm). Five bench tests were conducted using the same experimental setup as high lift case at 1200rpm engine speed except the lag between the activation of two solenoids was reduced to 3.4ms to obtain the Table 2 : Statistical study of open-loop valve actuation data with 9mm target lift at 5000rpm Engine configuration Data group y max = μ ± 3σ (mm) y area = μ ± 3σ 80psi air supply pressure #1 9.1424 ± 0.26838 1 ± 6.1233% 90psi oil pressure #2 9.1281 ± 0.17305 1 ± 4.4528% 24ms valve operation period #3 9.0284 ± 0.39827 1 ± 8.339% 6ms valve opening duration #4 8.8649 ± 0.6346 1 ± 11.7% 5ms lag of S2 (without holding) #5 8.5943 ± 0.42403 1 ± 5.545%
targeted valve lift at 3mm. The statistical results were shown in Table 3 . The mean valve lift varies from 2.68mm to 3.51mm.
The largest valve lift 3σ value is 2.5mm from data group #3 and the 3σ value is not less than 0.8mm among the rest of the data groups. Consequently, data group #3 has a 3σ integral area value as high as 73.196%. Although the actuator is capable of providing a lift as low as 3mm, its repeatability is not good enough to deliver a stable air flow when engine is operated at light load conditions. For this engine control project, the valve lift operational range is to be limited between 5mm and 11mm to ensure the desired repeatability. When the required valve lift is below 5mm at light load condition, a flap valve or a throttle would be used to reduce the intake air flow.
CLOSED-LOOP VALVE LIFT CONTROL EXPERIMEN-TAL RESPONSES
The closed-loop valve control algorithms were verified on the valve test bench utilizing the same engine head as open-loop cases. The experimental responses at both low and high engine speeds are presented in this section. Since both closedloop valve opening and closing timing controls are similar to the valve lift control case, the results are not presented. Air and oil supply pressure for all tests are 80psi and 90psi respectively. The experimental parameter is 100ms solenoid period with 25ms solenoid active duration (25% duty cycle) corresponding to 1200rpm in the low engine speed tests and 24ms solenoid period with 6ms solenoid active duration (25% duty cycle) corresponding to 5000rpm in the high engine speed tests. The initial lag between the activation of solenoids 1 and 2 during the open-loop parameter identification period was 5ms at both low and high speed tests.
EXPERIMENTAL RESULTS AT LOW ENGINE SPEED 2500 cycles of valve responses were recorded with various reference valve lift points. The estimated parameter was converged in the first 25 cycles (or 2.5ms). The reference valve lift varies every 500 cycles from 9mm to 6mm, from 6mm to 10mm, from 10mm to 7mm, and from 7mm to 9mm. Their steady state responses are presented in Figures (16) , (18), (20) (17), (19), (21) and (23) show good repeatability at high valve lifts. The maximum absolute valve lift error was bounded by 0.4mm at 10mm lift and 0.5mm at 9mm lift. The repeatability is relatively lower at low lift, however, the valve lift error falls mostly in the region of ±0.5mm at 6mm and 7mm lift. This is partially due to the fact that the pneumatic valve actuator has a higher sensitivity at the low valve lift, which results in a high steady state lift error. The maximum absolute steady state error at these four set points are listed in Table 4 . (24)). The undershoot is about 1.9mm in this case for the first step, and 0.5mm after the first step. This is partially due to the supply air pressure variations of different lift conditions at high engine speed. The high air flow requirement at high valve lift operational conditions reduces the actual supply air pressure close to the actuator, and supply air pressure increases as the valve lift reduces. When the valve is transient from high lift to low lift, the supply air pressure increases gradually, causing larger undershoot since the feedforward control assumes higher supply air pressure than actual one. This problem can be resolved by increasing the volume of the planum at the supply air manifold of the actuator cylinder.
The maximum absolute steady state error at these four set points are listed in Table 6 . The steady state lift errors are less than 0.8mm at high valve lift and less than 1.1mm at low lift. (13) and Table 2 provide the worst lift 3σ value at 0.63mm and the worst integral area 3σ value at Figure ( 25) depict the histograms of the valve lift and integral area with the largest variations (data group #1 in Table 7 ). For easy comparison, the axes ranges and the bin width of the valve lift (top) and integral area (bottom) histograms in Figure ( 25) are the same as those in Figure (13) . The five sets of means and 3σ values of valve lift and integral area were summarized in Table (7) . The worst 3σ value of the valve lift reduced from the open-loop 0.63mm to the closed-loop 0.45mm which was reduced by about 29%. The worst integral area 3σ value reduced from 11.7% to 9.45% which was reduced by about 19% (see both Table (7) and Table ( 2)). The low engine speed closed-loop lift control data showed a reduction of about 45% on both the 3σ values of the valve lift and integral area in their worst case. The reduction on the cycle to cycle lift variation at 5000rpm seems lower than that at 1200rpm. We believe that low improvement at high engine speed is mainly due to the fixed control sample rate which reduces the valve control resolution as engine speed increases. A model reference adaptive scheme was employed to identify two key nonlinear system parameters. The identified parameters are then used to construct the feedforward control as part of the closed-loop valve PI controller. The closedloop valve lift tracking, and valve opening and closing timing control strategies were developed and validated on an electropneumatic valve actuator test bench. The test data covers multiple reference lift points at both 1200rpm and 5000rpm engine speeds for both steady state and transient operations. The experiment results showed that the actual valve lift reached the reference lift within 0.5mm of lift error in one cycle at 1200rpm and in two cycles at 5000rpm. The maximum steady state lift errors are less than 0.4mm at high valve lift and less than 1.3mm at low valve lift. Furthermore, the closed-loop valve lift control improved valve lift repeatability with more than 30% reduction of standard deviation over the open-loop control.
